Abstract-This work details the design, simulation, and experimental testing of a mechanically actuated smart hospital bed for the prevention of pressure ulcers in hospital patients. The smart hospital bed, or Smartbed, is designed to improve the "turning" process currently performed by health care workers, ensuring that patients are turned consistently and decreasing the labor requirement for caregivers. The mechanical structure of the bed is described, along with its advantages over current Smartbed products. Next, dynamic models of the Smartbed actuating systems are discussed along with descriptions of the devised single-unit and overall bed control systems. The control equations determined in simulation are then simplified, allowing them to be implemented in real time by a microcontroller. Finally, the simplified control system is tested against the original dynamic model in simulation, and the actuation of one constructed unit of the multi-unit bed platform is tested with open loop user input, validating design choices and improvements made to the hardware of the mechanism.
I. INTRODUCTION
Pressure ulcers (PUs), also known as decubitus ulcers or bed sores, are localized areas of damage to skin and adjacent tissues due to applied pressure, friction, or shear. These sores most often occur over bony prominences such as the hips, heels, spine, and other joints and are the result of a prolonged lack of blood flow to the affected area. Although the development of these sores is based on a variety of factors such as age, nutrition, skin moisture, and general health, PUs are usually found in patients suffering from immobility, spinal cord injury, or other severe illnesses and the elderly [1] , [2] .
PUs are not just a source of pain and discomfort for bed and chair bound patients-these sores often act as avenues for infection and other complications, some of which can lead to permanent wounds and loss of life [3] . Over time, these sores can cause the skin and underlying tissues to die, exposing muscle and bone underneath the sores [4] . The treatment of these ulcers can be expensive, with patients spending an estimated $4,000 to $40,000 in additional hospital costs and care depending on the severity [5] . Despite the effort of the scientific and medical communities to prevent these sores, an estimated 3% to 11% of hospital patients and up to 30% of spinal cord injury and elderly hip replacement patients develop them during their hospital stay [3] - [5] .
Currently, the most common practice to prevent PUs is for nurses or caregivers to physically turn patients over from side to side approximately every two hours. This manual repositioning allows parts of a patient's body to recover 1 Z. Brush, A. Bowling, M. Tadros, and M. Russell area all with the Mechanical and Aerospace Engineering Department, University of TexasArlington, Arlington, Texas, USA. email: zachary.brush@mavs.uta.edu, bowling@uta.edu while the contact forces between their body and the bed are applied elsewhere. However, this system is flawed: according to [6] , only about 66% of patients receive this treatment on a regular basis, most likely due to nursing labor shortages. Turning patients is also shown to be a significant cause of lower back pain in health care workers [7] . In addition, the turning process creates distortion and shear stress in the skin, causing damage that this process is meant to prevent [8] . The deployment of hospital beds that could reposition patients consistently without creating shear on patient's skin would both improve the prevention of PUs and significantly reduce the time, labor, and cost of their treatment. The goal of this work is to improve current hospital beds by replicating the patient turning processes solely through actuation of the bed without the need for a caregiver to exert themselves.
II. SMART BED DESIGN
The smart hospital bed, Smartbed, proposed in this work improves upon the designs of currently available products by including an actuating mechanism capable of manipulating patients' bodies without being physically assisted by a caregiver. While this will eliminate the need for assistance in turning the patient, it is not meant to be utilized without a nurse's care and supervision-the Smartbed is a tool designed to remove one of the more time and labor intensive tasks of caregivers as opposed to replacing their presence all together.
According to [9] and [10] , complete or nearly complete removal of pressure on every area of patients' bodies by periodic, cyclic loading is desirable if not necessary for the total prevention of PUs. Therefore, the Smartbed must be capable of redistributing the forces on a patient's body so that total off-loading of the forces on all areas of the body at different times can be accomplished. However, the goal is to perform this task without performing large movement of the patient that creates potentially damaging shear forces. In the Smartbed this is accomplished using a combination of repositioning and inflation/deflation of an attached APAM (Alternating Pressure Air Mattress) as illustrated in Fig. 1 . 978-1-4673-5320-5/13/$31.00 ©2013 IEEEa large force, represented by the upward arrow. In contrast, if the mattress is deflated, the surface deforms, allowing distribution and reduction of the force at each contact point, see Fig. 1b and Fig. 1d . This also allows for complete off-loading of pressure with much smaller repositionings, decreasing the stretching and shear on the skin due to the turning process. This idea can be extrapolated to obtain the preliminary tile design shown in Fig. 2 , composed of a stiff parallel mechanism with an attached air bladder. The parallel mechanism has three degrees-of-freedom (DOFs). The air bladder has infinite DOFs, but only its internal pressure is controllable. This mechanism provides more controllable DOFs for force redistribution than either the air mattress or tilting/turning in Fig. 1 can alone. Since the patient can be considered as several connected parts, it is reasonable to consider several tiles, as in Fig. 3 , working independently or in concert to manipulate a patient. The proposed design includes two major aspects: a grid of mechanical plates actuated by motors that affect the shape of the bed and air bladders that act as variable pressure cushions. The grid of mechanical plates allows patients to be turned without the effort of a caregiver by providing vertical displacement and rotations to specific sections of the bed in a coordinated fashion. The air cushions, or bladders, can then redistribute local contact forces based on their level of inflation. This blend of mechanical and pneumatic actuation creates a surface with a high number of DOFs capable of performing complex manipulation of a human patient.
III. DYNAMIC MODELING AND CONTROL
In order to test the viability of this design and specify motor and servo amplifier criteria, a dynamic simulation of an individual unit of the Smartbed mechanism is conducted. The dynamic model of the mechanism is created by dividing the parallel structure into seven rigid bodies: three threaded rods, three joint pieces, and the combined rigid top plate and three-pronged body (Fig. 4) . The generalized coordinates T are used to fully describe the structure's kinematics, and mass and inertia properties are added to each body according to estimations determined from solid models of each part.
The general form of the equations of motion for this multibody system is written as: 13×13 is the mass matrix, b(q, q) includes the Coriolis and centrifugal terms, g(q) represents gravitational force, and Γ(q, q) denotes all other external forces acting on the mechanism. Since this is a three degree of freedom (DOF) system, kinematic constraints are used to relate the velocities of ten dependent coordinates to three independent coordinates (the extension of the three rods, q 1 , q 2 , and q 3 ). The analysis and modeling of these dynamic systems is based on Kane's method.
This dynamic simulation is then used to determine control system equations using the computed-torque method. Since an accurate model of the system dynamics is known because of the previously described dynamic modeling, the external forces, Γ(q, q), in (1) are equivalent to the actuator torque from the three electric motors. Using dynamic decoupling, also called feedback linearization, Γ(q, q) can then be written as:
This assumes a unit mass system according to the definition Γ * = Iq. Now, the following control law with control constants k p and k v can be included:
based on the desired trajectory over time for each of the three independent variables, q d ,q d , andq d . As a result of the dynamic decoupling, Γ * is now equal to the acceleration vectorq.
Finally, by setting the desired operational space vectors as seen in Fig. 5 , a Jacobian can be introduced to related the operational and joint spaces. Combining (1), (2), (3), and (5) yields an equation for the actuator torques required follow the operational space trajectory defined by (6). Taking into account gear ratios between the motor and rods, Γ = G T Υ such that Υ is the desired actuator torque and G T represents the gear ratio between motor and rod. Now, Γ * is defined in terms of the actual and desired operational space variables of interest.
The angular trajectories require the use of quaternions to prevent singularities. Using the derivation provided in [11] , the angular position error (θ d − θ) is found by:
Where each θ and θ d ais defined in quaternion notation and [ǫ d ×] is defined in (9) .
To sum up, the actuator torque provided by the three motors is determined by (6) and (7) to minimize the error between the actual operational space position and velocity of the plate and the desired operational space trajectory of the plate.
IV. CONTROL SYSTEM APPLICATION
The control equations derived in the previous chapter are applicable only to an "ideal" mechanism in simulataion because they are based on the following assumptions:
1) Initial values for all 13 joint space positions and at least 3 velocities are known or are measurable before the control system takes over. 2) Exact positions of each rod with respect to an inertial reference point are known or are measurable at all times. 3) Nonlinearities such as friction are not present in the actuation system. 4) The controller has enough memory to house the control program and is powerful enough to perform the necessary calculations and provide torque signals to each motor in real time. However, in reality these are rarely the case-position data can only be provided where sensors are present, these positions are often only provided as a relative measurement from an encoder, friction and other nonlinearities in actuation are often significant, and laboratory computers have difficulty handling the full complexity of an accurate computed-torque control scheme in real time. In order to apply the ideal control scheme to the Smartbed hardware, these issues must first be addressed.
A. Simplification of the Control Equations
One issue with the planned control system was that the torque equations developed based on the previously discussed dynamic models are too complex. These equations need tens of thousands of lines to run, and they require too much computing time to be run in real time, even for the relatively slow speed of this mechanism. In order to solve this problem, shorter torque equations are developed based on a simplified model of the mechanism to relate the three measurable rod heights q 1 , q 2 , and q 3 to the the operational space variables shown in Fig. 5 .
The simplified model assumes that the three operational space variables, θ 1 , θ 2 , and h 3 can be approximated by the equations:
where l length , l width , l top , and l joint are known mechanism constraints. The θ 1 approximation is based solely on the difference between q 2 and q 3 , and the θ 2 approximation is based solely on the difference between q 1 and the average of q 2 and q 3 . The approximated h 3 is then equal to the average of q 1 , q 2 , and q 3 with the addition of the the length of one joint and the height of the top plate above the three-pronged structure, adjusted based on its angle. These equations are important because they are only based on the three measurable quantities since the control system can only use known values.
When the plate is perfectly horizontal, these equations exactly match the accurate model derived in chapter 3. However, as θ 1 and θ 2 move away from 0
• to their operational space limits of ± 30
• , the accuracy of each equation decreases. In order to counter this, best-fit curves for the error of each equation are determined. Since the kinematics of this parallel mechanism are extremely complex, appropriate polynomial fit curves for each operational space variable are determined through trial and error. An example of these plots is shown in Fig. 6 , which shows the difference between the value for θ 1 determined by the original, "accurate" model's kinematic equations and the value for θ 1 determined by the new, simplified model's kinematic equations. The error in θ 1 is on the y axis, and the value of θ 1 predicted by the accurate model is on the x axis. The further the red dotted line is from the blue horizontal line, the worse the approximation. As seen by this plot, the error in θ 1 is negligible-the approximated and actual values differ by less than .0004
• . This makes sense, as the mechanism is symmetric about a center plane. Based on this information, (10) is shown to be a very accurate approximation of the value for θ 1 .
The error between the accurate and simplified θ 2 and h 3 equations are much more significant and include prominent quadratic and linear terms. The coefficients for these error terms are first approximated using a second-order polynomial fit and then cancelled out as best as possible by subtracting them from the initial approximation. The same process of polynomical curve-fitting, determining term coefficients, and subtracting the terms is applied until acceptable tolerances are found, yielding the following equations:
The maximum resulting error in θ 1 , θ 2 , and h 3 based on these approximations is .0004
• , .074
• , and 1.5mm, respectively. These values are considered negligible compared to the measurement error present in q 1 , q 2 , and q 3 and the level of accuracy required to manipulate a human patient.
The resulting kinematic equations are short, accurate, based only on measureable variables, and require very little processing power to perform in real time. Thus, they can be applied to the microcontroller for this system.
B. Consideration of Actuator Dynamics
The actuation of the three rods is provided by three motors placed on the base plate of the mechanism. Torque from the motors is rotated 90
• by a worm gear and then transformed into vertical force by a leadscrew and nut. The ideal dynamic model described in the previous chapter considers the inertias of the motor, shaft coupling, worm, worm gear, and leadscrew in its calculations. However, the effective gear train inertia is 710 kgmm 2 , which is two orders of magnitude less than the inertia of the top plate (I xx = I yy =14,833 kgmm 2 , I zz =28,909 kgmm 2 ). This means that the inertia of the gear train has a very small effect on the overall system, and as a result is ignored in the final simplified control equations. In addition, the Coriolis and centrifugal effects determined in simulation are very small for this mechanism since it moves so slowly. These values are also many orders of magnitude smaller than the effect of gravity and inertia and can therefore also be ignored in the final simplified control equations.
Finally, the effect of friction in the leadscrew must be considered. Because of the low lead angle for the threaded rod, the weight applied to the top plate is always supported by the base plate through the leadscrew nut and a rotational bearing-the gear train and motor are never responsible for the weight of the plate, mattress, and patient. Therefore, in order to provide movement, the motor only needs to overcome the friction forces between the leadscrew and the leadscrew nut.
As a result of this, it is more accurate to consider the actuation provided by the overall torque control equations through the effect of friction between the leadscrew threads. To account for this in the model, the torque is multiplied by a lead screw efficiency term, η ls , based on the threaded rod's angle of friction φ and lead angle λ. This is multiplied by the manufacturer's motor efficiency to create an overall actuating system efficiency.
Finally, the direction of friction is taken into account by multiplying the previous equations by the function sgn(q n ), where n refers to threaded rod 1, 2, or 3, since friction always opposes motion. These yields a final torque equation of:
In summary, the dynamics of the actuating system are taken into account by combining the gravity and inertia terms in the equations of motion, multiplying them by an efficiency coefficient of 0.27, and then finally selecting the sign based on their direction of motion. In addition, the tiny reflected inertia of the motor and gear train is ignored, which shortens and simplifies the final control equations.
V. RESULTS AND EXPERIMENTAL TESTING
The results of this work can be summed up into two aspects: a viable control program and a working plate prototype.
The microcontroller is run by a program which includes the basic program setup, input/output pin configuration, and all of the code required to control the mechanism. The control functions of the microcontroller program are set up as follows: first, a desired bed shape is inputted into the microcontroller, indicating which position (right-side lateral, left-side lateral, flat, or semi-Fowler's) the patient should be changed to (Fig. 7) . Next, the desired positions of each tile are found to create the desired bed shape. Trajectory equations then determine desired operational space positions over time, comparing this to the tile's actual position and velocity to generate control errors. Using the torque equations determined in sections III and IV, digital signals are produced and sent to a digital to analog converter (DAC) based on these errors. The DAC outputs analog signals to three servoamplifiers, one each for the three motors. Each motor then produces a proportional torque, and the motor's rotational velocity is read by a digital encoder. This encoder signal is combined with a known positional set-point when the mechanism is fully down to produce the position and velocity feedback, read by the microcontroller through an analog to digital converter input (ADC Input).
The program is first tested by comparing the simplified control program to the accurate model in Matlab. In order to accomplish this, the accurate control equations in a numerical simulation of the mechanism are replaced by the simplified control equations to test their effectiveness. If the simplified control equations are able to make the plate effectively follow the desired trajectory, then the program is considered successful. It is easily apparent that the control equations are effective, yielding negligible offsets in position and velocity as well as a non-existent overshoot at all three non-smooth corners in the velocity trajectory. The slow speed of the mechanism ensures that the discontinuities in plate acceleration are not substantial, and it is not expected that the trapezoidal trajectories will cause discomfort for the patient.
The expected torque of each motor is also determined from these simulations. Using these data, the electric motors can be sized and purchased by comparing the simulated torque and rotational speed to manufacturer specified thermal, torque-speed, and power constraints. As long as the torque-speed curves do not cross these constraints, the motors are capable of performing the desired actuation. Based on Fig. 9 , this is the case. The selected motors are found to use approximately 2A of current to move the plate, which relates to a maximum motor torque of 41 mNm. Since this is close to the simulated torque's predicted maximum of about 40 mNm, the model is assumed to be close to the actual system.
Finally, testing of the new hardware setup is conducted using an open-loop user input signal provided by a potentiometer 10. The voltage output of the potentiometer is between 0V and 5V, sent into the microcontroller through an analog input on the microcontroller docking station. This control signal is divided into three regions: clockwise movement, brake (no movement), and counter-clockwise movement, allowing the plate to be raised, lowered, and stopped by adjusting While performing this test, all three rods were easily raised and lowered quickly without damage to the hardware or electronics. All components stayed in place, and the mechanism's gears and joints never locked. Based on this test the quality and effectiveness of the hardware is confirmed, and the hardware portion of this project is considered successful.
VI. CONCLUSION
This work details the design, modeling, simulation, and open loop testing of the actuating mechanism for a smart hospital bed manufactured to prevent the development of bed sores. The steps taken to create a prototype of the mechanism with the use of theoretical models and practical analysis are illustrated, and the resulting mechanism control program and hardware are provided.
The novelty of this work lies in the successful application of an ideal control system developed in simulation to an actual mechanical device. The use of polynomial curve fitting techniques, trapezoidal velocity propagation, and leadscrew dynamics in the model transform the dynamic modeling and computed torque equations from a simple academic exercise into a viable, applicable control system. Further work on this project would be focused on the implementation of position sensing, more complex user input, and closed-loop feedback on the mechanism. In addition, modeling and design of the pneumatic system is necessary in order to account for the air bladders on top of each plate. Finally, a control system would have to be developed to combine the 84 rods and 28 air bladders into one coordinated patient-manipulating Smartbed system. With this complete, the bed could be built in its entirety and move on to testing with real patients.
